Due to the impossibility of obtaining intact standard experimental samples, it is difficult to test the mechanical properties of soft and broken coal and rock obtained from deep coal mines. So, an advanced experimental technology based on a small sample volume, nanoindentation technology, was introduced and used to measure the mechanical parameters of them. By using the averaging method, the hardness of shale, mudstone and coal are 1191.90 MPa, 674.95 MPa and 424.30 MPa, respectively; their elastic moduli are 20.39 GPa, 11.72 GPa and 5.47 GPa; and their fracture toughness were 1.66 MPa·m 0.5 , 1.28 MPa·m 0.5 and 0.77 MPa·m 0.5 . These three mechanical parameters were used to quantify and map the heterogeneous properties of coal and rock for convenience and accuracy. For example, the inter quartile range (IQR) of the hardness of shale, mudstone, and coal are 1502.10 MPa, 1016.20 MPa and 54.64 MPa, respectively, meaning that coal has the best homogeneity among them. Nanoindentation technology provides researchers with a convenient method to conduct mechanical experiments at the microscale.
Introduction
The mechanical properties of coal and rock are of key importance in coal mining and exploration [1] [2] [3] , rock strata control [4] [5] [6] , hydraulic fracturing [7] [8] [9] , rock burst [10, 11] , (enhanced) coal bed methane recovery (CBM/ECBM) [12] , water hazard control [13, 14] , geo-sequestration [15, 16] , and underground coal gasification in coal mines and deep unmineable coal seams [17] .
Traditionally, the mechanical properties of intact coal and rock were mainly measured by standard centimeter-scale tests, mainly including uniaxial compression, triaxial compression, tension, bending, cutting, and polyaxial tests [18] [19] [20] [21] [22] . However, for soft and broken coal and rock obtained from deep underground coal mines, this experimental method is not feasible due to the impossibility of obtaining intact standard samples. As a result, it is necessary to find an innovative and advanced technique, which only requires a small sample volume, to measure geo-mechanical properties of coal and rock in coal mines.
In this study, to measure the mechanical parameters of soft and broken coal and rock, firstly, nanoindentation technique was briefly introduced, including its calculation method and experimental procedures. Secondly, mechanical parameters were calculated by averaging method. Thirdly, the heterogeneous properties of coal and rock were also quantified and mapped by using their mechanical parameters. This study provides a new technique to obtain the mechanical properties of geomaterials at the microscale.
Materials
East China, one of the most important coal mining areas, is facing the challenge of deep mining. For some mines, soft and broken coal and rock have negatively affected the stability of gateways. In this context, mechanical properties are becoming more and more important for researchers and engineers in the field of coal mining. For soft-rock gateways, such as the 313 haulage gateway in Qinan coal mine in Anhui Province (geographic coordinates of 33 • 44 12" N, 117 • 03 47" E) and −690 m main gateway in Donghuantuo coal mine in Hebei Province (geographic coordinates of 39 • 38 41.49 " N, 118 • 0 11.14" E) ( Figure 1) , their stability and lifetime are heavily dependent on the mechanical properties of the surrounding rock, such as coal and soft rock. These soft-rock gateways are inclined to collapse during a service period, posing life risks to workers and restricting high production [23] .
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Experimental Method
Concept of Nanoindentation
Nanoindentation, also called depth sensing technique, was firstly developed by Kalei in 1968 and provides a unique method to obtain the mechanical parameters of materials with very small volumes [24, 25] . It is a technique whereby an indenter tip of known geometry and mechanical properties is used to make an impression in a sample whose mechanical properties are unknown.
After that, researchers found a method to explain the data from tests, and this technique developed rapidly and was applied for estimation of the mechanical properties of various materials [26] . The procedure proposed by Oliver and Pharr [27, 28] can be used to deduce the hardness and elastic moduli of various materials, and other indentation-based procedures have been proposed to investigate other mechanical parameters, such as fracture toughness [29, 30] , fatigue and impact testing [31] . Nowadays, nanoindentation technique is a very powerful method to investigate the mechanical properties of biomaterials [32, 33] , metals [34] , ceramics [35] , polymers, and composites [36] .
In the realm of geotechnical engineering, Zhu et al. applied this technique to map the micromechanical properties of natural shale [37] . Alstadt et al. analysed the microscale morphology of kerogen and the micromechanical properties of green river oil shale in both the bedding plane normal and bedding plane parallel directions [38] . Mashhadian and Abedi studied the effect of mineralogy on mechanical properties of shale [39, 40] . Bobko et al. used the nanoindentation method in shale studying, and found the link between mineral compositions and mechanical properties [41, 42] . Delafargue and Gathier studied shale mechanical properties in multiscale, and homogenized their micro strength to derive that in macroscale, which is one of the most important research directions in geotechnical engineering [43, 44] . Kossovich and Zhang adopted the nanoindentation technique to investigate the mechanical properties of coal [45, 46] . All above studies laid a solid foundation for the application and proliferation of this technique in mining engineering, to measure the mechanical properties of soft and broken coal and rock.
Calculation of Mechanical Parameters
After experimental testing, nanoindentation devices can record a whole set of load-depth (displacement) data (Figure 3a ). At the same time, indents matching the indenter shape can be found on the surface of materials, as shown in Figure 3b . After that, researchers found a method to explain the data from tests, and this technique developed rapidly and was applied for estimation of the mechanical properties of various materials [26] . The procedure proposed by Oliver and Pharr [27, 28] can be used to deduce the hardness and elastic moduli of various materials, and other indentation-based procedures have been proposed to investigate other mechanical parameters, such as fracture toughness [29, 30] , fatigue and impact testing [31] . Nowadays, nanoindentation technique is a very powerful method to investigate the mechanical properties of biomaterials [32, 33] , metals [34] , ceramics [35] , polymers, and composites [36] .
After experimental testing, nanoindentation devices can record a whole set of load-depth (displacement) data (Figure 3a ). At the same time, indents matching the indenter shape can be found on the surface of materials, as shown in Figure 3b . Figure 3a shows typical indentation curve, which consists of three stages of loading (a), holding (b), and unloading (c), where F n is the load (mN); h is the depth (nm); U c is the fracture energy (mN·nm); U p is the plastic energy (mN·nm); U e is the elastic energy recovered during unloading (uN·nm); S is the stiffness (mN/nm); h m is the maximum depth (nm); h p is the residual depth after the unloading process (nm); h r is the depth of the tangent line (nm); and h c is the effective contact depth (nm) that is defined as the actual depth of the indenter in contact with the cavity of the sample under the maximum load, as Figure 3b illustrates. h s is sinking depth (nm) and h k is creep deformation (nm) in Figure 3b .
The load applied rises with the displacement increase at the loading stage. This stage can be regarded as the combination of elastic and plastic deformation; whereas during the unloading stage, only elastic deformation can be recovered, and this can be used to calculate the mechanical properties of materials. It is worth noting that due to the existence of the holding load stage (creep stage), the indent profile of the Berkovich indenter consists of two surface profiles before and after creep. The results of a load-depth curve can be analyzed to obtain material mechanical parameters, such as hardness (H IT ), elastic modulus (E IT ), and fracture toughness (K c ).
Oliver and Pharr Method
The classic data-interpreting model named the Oliver and Pharr method (hereinafter referred to as OP method), after Oliver and Pharr, is widely used at present to calculate hardness and elastic moduli [27, 28] . In 1961, Stillwell and Tabor proposed the reduced moduli [47] , and this can be used to calculate the elastic moduli of materials by
where E IT and ν IT are elastic modulus and Poisson's ratio of materials, ν IT = 0.3 in this study, which has a very little effect on the calculation results; E i and ν i are the same parameters for a diamond indenter, E i = 1141 GPa and ν i = 0.07, and the effects of rigid indenters on the measurement of elastic modulus can be ignored. Then, according to the theory proposed by Doerner [26] and King [48] , the hardness (H IT ) and reduced modulus (E r ) can be calculated through the following two equations:
and
where A c is the projected contact area; β is a constant (β = 1.034 for the Berkovich indenter) [27, 28] . Contact stiffness can be calculated by the tangent slope of the initial segment of the unloading curve, since some researchers thought this segment is linear [26] . However, Sneddon has used an exponential relationship to describe the unloading curve [49] , which was confirmed by Oliver and Pharr. As a result, the unloading curve can be described by a simple power relation,
and the initial unloading slope representing the contact stiffness is calculated easily by analytically differentiating this expression at the peak load or the largest displacement:
where α and m are the power law fitting constants that can be determined by fitting procedure. The projected contact area (A c ) can be determined by the effective contact depth (h c ) and the shape of the indenter, according to OP method. The effective contact depth and the projected contact area can be calculated by Equations (6) and (7) , respectively.
where ε is constant about the shape of indenter, ε = 0.75 for Berkovich indenter [27] .
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Fracture Energy Method
According to Figure 3a , for the curve, the relationship between total energy (U t ), fracture energy (U c ), recoverable plastic energy (U p ), and unrecoverable elastic energy (U e ) can be written as
and the total energy and critical energy release rate (G c ) can be calculated by Equations (9) and (10).
where A max = 24.5 h 2 max . The fracture toughness of coal and rock can be calculated by
Experimental Procedures
The preparation of samples was mainly based on available protocols (ISO14577,2015) and the work of Liu et al. [50, 51] , but we made some improvements in the polishing process to ensure the smoothness of surface. Three samples (shown in Figure 2 ) were broken into small pieces to make the testing surfaces parallel to the bedding plane. Then, they were put into resin liquid for 24 h under vacuum conditions to ensure that the resin provides enough mechanical support for the samples while being probed. After that, the surface was polished using different grits of sandpaper (from 800 to 3000 grit) and finished by diamond polishers to fit the surface roughness requirement for nanoindentation. The grain sizes of the diamond polishers were 3 µm, 1 µm, and 50 nm. Figure 4 represents the prepared samples for the experimental testing.
Fracture Energy Method
According to Figure 3a , for the curve, the relationship between total energy ( t U ), fracture energy ( c U ), recoverable plastic energy ( p U ), and unrecoverable elastic energy ( e U ) can be written as
and the total energy and critical energy release rate ( c G ) can be calculated by Equations (9) and (10).
where max
h . The fracture toughness of coal and rock can be calculated by
(11)
Experimental Procedures
The preparation of samples was mainly based on available protocols (ISO14577,2015) and the work of Liu et al. [50, 51] , but we made some improvements in the polishing process to ensure the smoothness of surface. Three samples (shown in Figure 2 ) were broken into small pieces to make the testing surfaces parallel to the bedding plane. Then, they were put into resin liquid for 24 h under vacuum conditions to ensure that the resin provides enough mechanical support for the samples while being probed. After that, the surface was polished using different grits of sandpaper (from 800 to 3000 grit) and finished by diamond polishers to fit the surface roughness requirement for nanoindentation. The grain sizes of the diamond polishers were 3 μm, 1 μm, and 50 nm. Figure 4 represents the prepared samples for the experimental testing. The instrument operated in a force-controlled mode had a loading and unloading rate of 60 mN/min [52] and a peak load of 30 mN. A load-depth curve also consists of a load-holding period of 5 s [53, 54] . Generally speaking, a great number of indents need to be created to calculate mechanical parameters due to the heterogeneous properties of coal and rock, but too many indents can influence microscale research efficiency and make experiments energy-consuming [51] . Therefore, the averaging method was used to calculate the mean values of hardness, elastic modulus, fracture toughness. If their average values were stable with the increase of experimental number, the number of experiments meet the requirement to calculate the mechanical parameters of coal and rock.
Results and Discussions
Load-Depth Curves
The F n -h curves from the nanoindentation experiments under peak load of 30 mN for shale, mudstone, and coal, are presented in Figure 5a -c, respectively. 5 s [53, 54] . Generally speaking, a great number of indents need to be created to calculate mechanical parameters due to the heterogeneous properties of coal and rock, but too many indents can influence microscale research efficiency and make experiments energy-consuming [51] . Therefore, the averaging method was used to calculate the mean values of hardness, elastic modulus, fracture toughness. If their average values were stable with the increase of experimental number, the number of experiments meet the requirement to calculate the mechanical parameters of coal and rock.
Results and Discussions
Load-Depth Curves
The n Fh curves from the nanoindentation experiments under peak load of 30 mN for shale, mudstone, and coal, are presented in Figure 5a -c, respectively. It is obvious that different positions in a sample have various load-depth curves (Figure 6a ), and the curves from different samples are likely to be similar (Figure 6b ), which can be explained by the same mineral composite of shale, mudstone and coal.
According to Figures 6a and 7 , for shale-2, the slope of its load-depth curve is much larger than others at the first 500 nm, so at this position it is a hard salient. However, the sudden decrease in slope for these lines, which also called pop-in, may be due to the formation of cracks or movement of particles around indenter. These abnormal phenomena would cause the inaccurate measurements of mechanical parameters of coal and rock if they are not removed. By contrast, when the indenter tip is located in a position with a pore or a crack, as in the curve of shale-8, it does not have load at the first 250 nm and has a very small slope at the first 750 nm, which also influences the result accuracies. It is obvious that different positions in a sample have various load-depth curves (Figure 6a ), and the curves from different samples are likely to be similar (Figure 6b ), which can be explained by the same mineral composite of shale, mudstone and coal. According to Figures 6a and 7 , for shale-2, the slope of its load-depth curve is much larger than others at the first 500 nm, so at this position it is a hard salient. However, the sudden decrease in slope for these lines, which also called pop-in, may be due to the formation of cracks or movement of particles around indenter. These abnormal phenomena would cause the inaccurate measurements of mechanical parameters of coal and rock if they are not removed. By contrast, when the indenter tip is located in a position with a pore or a crack, as in the curve of shale-8, it does not have load at the first 250 nm and has a very small slope at the first 750 nm, which also influences the result accuracies. 
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Micromechanical Parameters
Based on the load-depth curves in Figure 5 , using the OP and fracture energy methods, the average values of the micromechanical parameters of shale, mudstone and coal are given by taking the number of experiments as the x-coordinate, as shown in Figure 9 . It is clear that with the increase of experimental number, the average values of micromechanical parameters are becoming stable. 
Based on the load-depth curves in Figure 5 , using the OP and fracture energy methods, the average values of the micromechanical parameters of shale, mudstone and coal are given by taking the number of experiments as the x-coordinate, as shown in Figure 9 . It is clear that with the increase of experimental number, the average values of micromechanical parameters are becoming stable. When the number of experiments reaches 12, micromechanical parameters can be used to represent the macromechanical parameters of coal and rock. 
Based on the load-depth curves in Figure 5 , using the OP and fracture energy methods, the average values of the micromechanical parameters of shale, mudstone and coal are given by taking the number of experiments as the x-coordinate, as shown in Figure 9 . It is clear that with the increase of experimental number, the average values of micromechanical parameters are becoming stable. When the number of experiments reaches 12, micromechanical parameters can be used to represent the macromechanical parameters of coal and rock. Then, the hardness ( IT H ), elastic modulus ( IT E ), and fracture toughness ( c K ) of shale, mudstone, and coal were calculated and shown in Table 1 . Then, the hardness (H IT ), elastic modulus (E IT ), and fracture toughness (K c ) of shale, mudstone, and coal were calculated and shown in Table 1 .
For the mean values of hardness, elastic modulus, and fracture toughness, shale has the largest ones, which are 1191.90 MPa, 20.39 GPa and 1.66 MPa·m 0.5 , respectively. It was followed by mudstone, with the values of 674.95 MPa, 11.72 GPa and 1.28 MPa·m 0.5 . Coal is softer than mudstone in a near mine [55] , and its mean values of micromechanical parameters were 424.30 MPa, 5.47 GPa and 0.77 MPa·m 0.5 , respectively. For the mean values of hardness, elastic modulus, and fracture toughness, shale has the largest ones, which are 1191.90 MPa, 20.39 GPa and 1.66 MPa·m 0.5 , respectively. It was followed by mudstone, with the values of 674.95 MPa, 11.72 GPa and 1.28 MPa·m 0.5 . Coal is softer than mudstone in a near mine [55] , and its mean values of micromechanical parameters were 424.30 MPa, 5.47 GPa and 0.77 MPa·m 0.5 , respectively. Figure 10 shows the profiles of indents on shale, mudstone and coal. Three pictures marked Ⅰ are the profiles of indents according to the shape of indenter when depth is m h . Pictures marked Ⅱ are the profiles when depth is p h after unloading, which correspond to the pictures marked Ⅲ
Heterogeneity of Coal and Rock
Profiles of Indents
obtained from the SEM. During the experiments, it was hard to obtain the SEM images of shale after indenting. According to Figure 10b , the indent of mudstone-11 has the largest area. The depth during the load-holding is 2804.60 nm, which is the largest depth, being 2112.47 nm after unloading. In contrast, testing shale-3 has the smallest indention area, with the maximum loading depth of 905.99 nm and unloading depth of 139.09 nm.
Mainly based on pictureⅠin Figure 10a -c, the differences between the no.1 to 12 indents on the surface of shale are greater than the other two samples, which means the heterogeneous properties of shale are more differentiated than mudstone and coal. It is noticeable, however, that the indent areas obtained from the SEM (picture Ⅲ) are much larger than that got from calculation (pictureⅡ). During unloading, elastic recovery causes these impressions to change their initial shape [56] . This phenomenon illustrates that the elastic recovery of the impression is not equal for the whole area, and the tip of indenter is the largest recovery position (Figure 3b) , meaning that the stress under an indent varies from high levels in the vicinity of the tip, to vanishingly small values far away from it [57] . Figure 10a-Ⅲ , b-Ⅲ, and c-Ⅲ show no obvious pile-up on the surfaces of rock and coal around the contact impression, even though they are elastic-plastic materials, which guarantees the measurement accuracy of micro hardness, elastic modulus, and fracture toughness [58] .
Statistical Analysis of Micromechanical Parameters
In this study, the heterogeneities of coal and rock are not only limited to the mineral compositions and the microstructure, but also comprise the micromechanical parameters obtained from nanoindentation tests. As a result, the heterogeneities of coal and rock can be quantified and mapped using the micromechanical parameters. Figure 11 shows the results of statistical analysis of micromechanical parameters. According to Figure 10b , the indent of mudstone-11 has the largest area. The depth during the load-holding is 2804.60 nm, which is the largest depth, being 2112.47 nm after unloading. In contrast, testing shale-3 has the smallest indention area, with the maximum loading depth of 905.99 nm and unloading depth of 139.09 nm.
Mainly based on picture I in Figure 10a -c, the differences between the no.1 to 12 indents on the surface of shale are greater than the other two samples, which means the heterogeneous properties of shale are more differentiated than mudstone and coal. It is noticeable, however, that the indent areas obtained from the SEM (picture III) are much larger than that got from calculation (picture II). During unloading, elastic recovery causes these impressions to change their initial shape [56] . This phenomenon illustrates that the elastic recovery of the impression is not equal for the whole area, and the tip of indenter is the largest recovery position (Figure 3b ), meaning that the stress under an indent varies from high levels in the vicinity of the tip, to vanishingly small values far away from it [57] . Figure 10a -III, b-III, and c-III show no obvious pile-up on the surfaces of rock and coal around the contact impression, even though they are elastic-plastic materials, which guarantees the measurement accuracy of micro hardness, elastic modulus, and fracture toughness [58] .
Mainly based on pictureⅠin Figure 10a -c, the differences between the no.1 to 12 indents on the surface of shale are greater than the other two samples, which means the heterogeneous properties of shale are more differentiated than mudstone and coal. It is noticeable, however, that the indent areas obtained from the SEM (picture Ⅲ) are much larger than that got from calculation (pictureⅡ). During unloading, elastic recovery causes these impressions to change their initial shape [56] . This phenomenon illustrates that the elastic recovery of the impression is not equal for the whole area, and the tip of indenter is the largest recovery position (Figure 3b ), meaning that the stress under an indent varies from high levels in the vicinity of the tip, to vanishingly small values far away from it [57] . Figure 10a-Ⅲ , b-Ⅲ, and c-Ⅲ show no obvious pile-up on the surfaces of rock and coal around the contact impression, even though they are elastic-plastic materials, which guarantees the measurement accuracy of micro hardness, elastic modulus, and fracture toughness [58] .
In this study, the heterogeneities of coal and rock are not only limited to the mineral compositions and the microstructure, but also comprise the micromechanical parameters obtained from nanoindentation tests. As a result, the heterogeneities of coal and rock can be quantified and mapped using the micromechanical parameters. Figure 11 shows the results of statistical analysis of micromechanical parameters. According to the data in Figure 11 , the heterogeneous properties of coal and rock were initially quantified based on the micromechanical properties. For example, the IQR of the hardness of shale, mudstone, and coal is 1502.10 MPa, 1016.20 MPa, 54.64 MPa, respectively. The IQR of other parameters are also illustrated in Figure 11 . This coal sample has a better homogeneity than other two samples.
Heterogeneous Properties Maps
Zhang et al. only drew the indentation moduli maps of sub-bituminous coal in microscale [46] and Liu also provided the creep displacement of shale [51] . Even though these researchers investigated larger areas, about 300 × 300 μm, they just focused on one parameter. Based on the profiles of indents in Figure 10 and Table 1 , in the micro-area of 60 × 80 μm, the heterogeneous properties of the three samples are shown in Figure 12 including hardness, elastic modulus and fracture toughness. According to the data in Figure 11 , the heterogeneous properties of coal and rock were initially quantified based on the micromechanical properties. For example, the IQR of the hardness of shale, mudstone, and coal is 1502.10 MPa, 1016.20 MPa, 54.64 MPa, respectively. The IQR of other parameters are also illustrated in Figure 11 . This coal sample has a better homogeneity than other two samples.
Zhang et al. only drew the indentation moduli maps of sub-bituminous coal in microscale [46] and Liu also provided the creep displacement of shale [51] . Even though these researchers investigated larger areas, about 300 × 300 µm, they just focused on one parameter. Based on the profiles of indents in Figure 10 and Table 1 , in the micro-area of 60 × 80 µm, the heterogeneous properties of the three samples are shown in Figure 12 including hardness, elastic modulus and fracture toughness. According to the data in Figure 11 , the heterogeneous properties of coal and rock were initially quantified based on the micromechanical properties. For example, the IQR of the hardness of shale, mudstone, and coal is 1502.10 MPa, 1016.20 MPa, 54.64 MPa, respectively. The IQR of other parameters are also illustrated in Figure 11 . This coal sample has a better homogeneity than other two samples.
Zhang et al. only drew the indentation moduli maps of sub-bituminous coal in microscale [46] and Liu also provided the creep displacement of shale [51] . Even though these researchers investigated larger areas, about 300 × 300 μm, they just focused on one parameter. Based on the profiles of indents in Figure 10 and Table 1 , in the micro-area of 60 × 80 μm, the heterogeneous properties of the three samples are shown in Figure 12 including hardness, elastic modulus and fracture toughness. (b) Mudstone In Figure 12 , maps labelled Ⅰ, Ⅱ, Ⅲ are hardness, elastic modulus and fracture toughness, respectively. It can be seen that different locations possess different micromechanical parameters. Even though some researchers thought these differences are due to the heterogeneous nature which In Figure 12 , maps labelled I, II, III are hardness, elastic modulus and fracture toughness, respectively. It can be seen that different locations possess different micromechanical parameters. Even though some researchers thought these differences are due to the heterogeneous nature which originates from various phases that exist in coal and rock [51, 59] , this research showed that the microstructures of samples also play an important role to determine the differences of the maps of micromechanical parameters, which are avoided as possible in this study. It's worth noting that the distributions of different micromechanical parameters for one sample are very similar. For example, in Figure 12a , the position of (40,50) has a lowest hardness, elastic moduli and fracture toughness.
Conclusions
To investigate the mechanical properties of soft and broken coal and rock obtained from coal mines, nanoindentation was used in this study.
Grid nanoindentation and averaging method were adopted to obtain the micromechanics of shale, mudstone, and coal. Based on the OP and fracture energy methods, the mean hardness of shale, mudstone, coal are 1191.90 MPa, 674.95 MPa and 424.30 MPa, respectively; their mean elastic moduli are 20.39 GPa, 11.72 GPa and 5.47 GPa; and their mean fracture toughness were 1.66 Pa·m 0.5 , 1.28 Pa·m 0.5 and 0.77 Pa·m 0.5 . So, among them, the strength of shale is the largest, which is followed by mudstone, and coal is the weakest. This is consistent with our general understanding and previous studies.
The heterogeneous properties of coal and rock can be explained through above three mechanical parameters, which is a comprehensive indicator, and reflect the influence of mineral compositions and microstructure. According to it, the IQR of hardness of shale, mudstone and coal are 1502.10 MPa, 1016.20 MPa and 54.64 MPa, meaning that coal has the largest heterogeneity among them. Since coal and rock have different mineral compositions and microstructures, they have various micromechanical parameters.
This study not only uses and verifies a method to calculate the mechanical parameters of soft and broken coal and rock, but also proves that they are typical heterogeneous materials and that it is incorrect to regard them as homogeneous body. Future research hotspot will be on the implementation of those mechanical parameters.
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